IMPORTANCE Nasal valve compromise is a major cause of nasal obstruction, and multiple methods have been developed to address it.
A ccording to the 2010 American Academy of Otolaryngology-Head and Neck Surgery Clinical Consensus Statement, nasal valve compromise (NVC) is "a distinct and primary cause of symptomatic nasal airway obstruction, yet there remain ambiguities and disparities in the diagnosis and management." 1(p48) Recently, even the use of the term nasal valve has been questioned regarding its adequacy in describing the complex 3-dimensional (3-D) gateway through which nasal airflow travels. 2 The internal nasal valve (INV) is the narrowest part of the nasal airway and is formed by the junction of the upper lateral cartilage, septum, and caudal head of the inferior turbinate. The ideal angle of the INV in white individuals ranges from 10°to 15°and accounts for up to 50% of the nasal resistance in the anatomically normal upper respiratory tract. 3 As described by Poiseuille's law, 4 which states that, with laminar flow, resistance is inversely related to the fourth power of the radius, even small changes in the valve area exponentially change airflow.
The criterion standard surgical technique to correct NVC has been the placement of spreader grafts. Sheen 5 first described this method, which consists of placing 2 cartilage grafts, typically harvested from the septum, between the dorsal attachment of the upper lateral cartilages and the septum. This enables lateral displacement of the upper lateral cartilages and increases the angle of the INV. The butterfly graft, first introduced by Clark and Cook 6 as an alternative to the spreader graft in secondary rhinoplasty, has gained popularity in addressing NVC in both primary and secondary rhinoplasty. [7] [8] [9] This onlay graft fabricated from conchal cartilage is placed over the caudal septum through either a closed or open approach and is sutured to the caudal margins of the upper lateral cartilages. The reported surgical failure rate of surgery for nasal airway obstruction is as high as 25% to 50%, [10] [11] [12] [13] and multiple studies have demonstrated poor correlation between patientreported symptoms and objective findings. [14] [15] [16] [17] [18] New methods of objectively measuring the efficacy of surgical procedures on INV patency are under active investigation. One such method, computational fluid dynamics (CFD), uses anatomically accurate computational models reconstructed from medical imaging data to study nasal airflow, resistance, and other aspects of nasal physiology. Prior studies [19] [20] [21] have identified a number of CFD variables that correlate well with patientreported symptoms. Based on these studies, nasal airflow resistance and heat flux (a measure of mucosal cooling) have emerged as markers of subjective nasal patency. The goal of this study was to use CFD analysis in cadaveric models to compare 2 surgical procedures designed to address INV compromise. Our primary hypotheses were that (1) CFD-derived nasal resistance is sufficiently sensitive to distinguish anatomical changes in the INV after spreader and butterfly graft placements and (2) the butterfly graft is associated with reduced nasal airflow resistance, and thus improved nasal airflow, comparable to that associated with a spreader graft. A secondary hypothesis was that the mean heat flux change over main nasal cavity walls is insignificant when surgical alterations are confined to the INV.
Methods
The institutional review board at the University of North Carolina School of Medicine, Chapel Hill, determined that because this study used only human cadaveric tissue it was exempt from their review.
Specimens and Surgical Procedures
Cadaveric Dissections Four fresh cadaveric heads were obtained (Life Science Anatomical) and nasal cavities cleansed. Each of the 4 cadaveric heads underwent external examination, anterior rhinoscopy using nasal speculum and nasal endoscopy, and cone beam computed tomographic (CT) scan (3D Accuitomo 170; Morita) prior to surgical intervention. Each cadaveric specimen underwent a treatment plan (Figure 1 ) to determine changes in the measured values associated with the specific graft procedure, alternating the order in which the spreader or butterfly graft was placed to avoid bias inherent in conducting all procedures in the same sequence. Each cadaveric head underwent a preoperative computed tomographic (CT) scan followed by the treatment plan depicted. Two of the donor specimens required septoplasty prior to either spreader (donor 3) or butterfly (donor 4) graft placement.
Key Points
Question Are butterfly and spreader grafts associated with reduced nasal airflow resistance following surgical intervention for nasal valve compromise?
Findings Computational fluid dynamics analysis conducted in models derived from 4 cadaveric heads indicated a reduction in nasal airflow resistance from preoperative values after placement of either a butterfly graft (range, 20%-51%) or a spreader graft (range, 2%-29%). The butterfly graft was associated with greater reduction in nasal airflow resistance in all 4 cadaveric specimens.
Meaning Spreader and butterfly grafts are associated with comparable reductions in nasal airflow resistance in a cadaveric computational fluid dynamics model.
Septoplasty
The results of anterior rhinoscopy indicated that 2 of the 4 cadaveric heads had significant septal deviation. Septoplasty was performed on the 2 cadaveric heads with septal deviations before baseline CT scans were obtained for 2 reasons: graft material was needed for the spreader grafts, and a severely deviated nasal septum might introduce a confounding variable when assessing airflow through the nasal passageway. The septoplasty was performed using a hemitransfixion incision in the standard fashion, and the grafts were placed in saline for later use.
Spreader Graft Placement A standard external rhinoplasty approach was used via transcolumellar and marginal incisions. The soft-tissue envelope was elevated in a subnasal superficial muscular aponeurotic system plane to the rhinion and a subperiosteal plane to the nasion. The upper lateral cartilages were sharply released from the dorsal septum. Spreader grafts were carved from previously harvested septal cartilage measuring 1.7 × 0.4 cm each.
The same spreader grafts were used for each cadaveric head. The spreader grafts were placed bilaterally and sutured between the septum and upper lateral cartilages using 5-0 polydioxanone horizontal mattress sutures. The incisions were closed with 5-0 chromic and 6-0 polypropylene sutures in the marginal and transcolumellar incisions, respectively.
Butterfly Graft Placement A 3-cm curvilinear incision was made in the antihelical fold, and an anteriorly based flap was developed in a subperichondrial plane primarily in the concha cavum portion of the conchal bowl. A 2.5 × 1.5-cm cartilage graft was harvested, preserving the posterior perichondrium. An intercartilaginous incision was then made and a subnasal superficial muscular aponeurotic system plane was developed cephalad to the rhinion. The harvested conchal cartilage was carved into the standard shape, with a final dimension of 2 × 1 cm. The caudal margin of the graft was sutured to the caudal margin of the upper lateral cartilage at 2 points on each side using 5-0 polydioxanone sutures. The intercartilaginous incisions were closed with 5-0 chromic sutures. After each intervention, the soft-tissue envelope was redraped and incisions were closed. Computed tomographic scans (0.33-mm pixels, 0.66-mm increments) of the entire nasal cavity and external nasal soft tissue were obtained.
Modeling and Simulations
Nasal Model Construction Computed tomographic scans were imported to medical imaging software (Mimics, version 18.0; Materialise, Inc) to generate realistic 3-D reconstructions. On the basis of visual inspection, a threshold of 300 Hounsfield units was used to delineate the imaged nasal airspace. To ensure anatomical accuracy, thresholding was followed by selective hand editing of the identified pixel domains. In addition, the paranasal sinuses were removed ( Figure 2A) to reduce model complexity and facilitate heat flux estimation along the main nasal cavity walls.
The following 3 hybrid models were developed for each cadaveric head to determine changes in the measured values associated with the specific surgical intervention as well as to minimize tissue decay artifacts and anatomical variations in the airway distal to the INV: (1) a preoperative nasal airway model that incorporated septoplasty performed on 2 of the cadaveric heads; (2) an airway model with the butterfly graft; and (3) an airway model with the spreader graft. This was implemented by coregistering and smoothly blending an anterior segment of the nasal airway containing the INV, which was defined as 5 mm cephalad from the rhinion to the nostrils, from each of the interventions with the corresponding posterior portion of the preoperative model ( Figure 2B ). This resulted in a total of 12 separate 3-D models for CFD analysis.
CFD Simulations
The hybrid 3-D models were exported from the medical imaging software in stereolithography file format to computer-aided design and meshing software (ICEM CFD, version 15.0; ANSYS, Inc). A 2-cm-long outlet tube was added to the nasopharynx to ensure fully developed outlet flow in the CFD simulations. Left and right nostril inlets were created using planar cuts at nostril rims. The models were then meshed using approximately 4 million unstructured, graded, tetrahedral elements ( Figure 2C) . 22, 23 Mesh quality was checked for distortion by confirming that all the cells had an aspect ratio exceeding 0.3, as recommended in the ANSYS ICEM CFD manual. Airflow and heat transport simulations were performed with CFD software (Fluent, version 14.5; ANSYS, Inc.), which uses a finite volume approach at a resting flow rate (15 L/min) under steady state, pressure-driven, laminar conditions. 20, 24, 25 Although nasal airflow may sometimes devolve into turbulence, at resting breathing it has been shown to maintain a laminar flow profile. 26, 27 The simulations used the following boundary conditions: (1) no slip ("zero velocity") at airway walls (simulating the surrounding tissue surfaces) and (2) an inlet pressure set to atmospheric pressure and an inlet to outlet negative pressure gradient that produced a steady inspiratory flow (15 L/min) ( Figure 2C ). The referenced characteristic values included the following: air density, 1.204 kg/m 3 ; dynamic viscosity of air, 1.825 × 10 −5 kg/(m · s); thermal conductivity of air, 0.0268 W/ (m · K); and specific heat of air, 1005.9 J/(kg · K). 19 The air temperature at the nostril inlets was set at 20°C, and the mucosal temperature at the tissue walls was set at 32.6°C.
25,28
Postprocessing The CFD software was used to estimate unilateral and bilateral transnasal pressure drop in pascals from nostrils to choanae (posterior end of the septum), unilateral and bilateral volumetric airflows in milliliters per second, and unilateral heat flux in watts per square meter. Nasal resistance and airflow partitioning were calculated as follows:
where ΔP is the transnasal pressure drop from the nostrils to the choanae in pascals, and Q is the volumetric flow rate in milliliters per second; and
Postprocessing visualization was conducted using the CFD software package. 
Results
Nasal Airflow Resistance Donors 1, 2, and 3 were white males and donor 4 was a white female. Nasal airflow resistance was reduced by both interventions in all 4 cadaveric heads, but the butterfly graft was associated with a greater reduction in nasal airflow resistance in all cases. Reductions in nasal airflow resistance from preoperative values for the butterfly graft ranged from 20% to 51%, whereas that for the spreader grafts ranged from 2% to 29% ( Figure 3A) . Pressure on the main nasal cavity walls was also reduced from the preoperative model in all graft models, but the reduction was more pronounced in the butterfly model than in the spreader model in all 4 donors ( Figure 3B ).
Airflow Partitioning
Airflow partitioning or airflow allocation is defined as the percentage of airflow that passes through either the left or the right nasal passage. Improvement in airflow partitioning is defined as a more even distribution of airflow (close to 50% for each nasal passage) after surgery. In all cases, the butterfly graft either improved or did not appreciably change the airflow allocation. In donor 1, the spreader graft outperformed the butterfly graft, resulting in an even distribution (50% each) between the 2 sides. However, in donors 2 and 3, airflow allocation was more divergent following placement of the spreader graft than that with the butterfly graft. In donor 4, airflow distribution was improved with both butterfly and spreader grafts, with the butterfly graft more closely approximating an even distribution ( Figure 4 ).
Heat Flux
Heat flux is a biophysical CFD variable that correlates with the subjective sensation of nasal patency. 19, 21, 29 Changes from preoperative values for heat flux after butterfly graft placement ranged from −11% to 4%; for the spreader graft, −9% to 10% ( Figure 5 ). 
Secondary Results
The results were not changed by the order of surgical intervention. The same trend for nasal resistance was observed in each of the 4 cadaveric heads, with each case demonstrating the highest resistance preoperatively, the most substantial reduction in resistance with the butterfly graft, and an intermediate reduction in resistance with the spreader graft. This result was observed not only for the sequence of the procedures but also for the presence or absence of prior septoplasty.
Discussion
Nasal valve compromise is now recognized as a distinct entity that can contribute to symptomatic nasal airway obstruction. 1, 5, 30, 31 However, many conditions can mimic or coexist with NVC, making it difficult to treat. In addition, patients may have multilevel obstruction. Thus, it is important to use objective measures to help identify optimal interventions in addressing NVC and improving nasal airflow. 32 In doing so, it may be possible to improve surgical outcomes by using virtual modeling preoperatively to determine surgical interventions that are most effective at managing patient symptoms. The butterfly graft is currently acknowledged as a powerful technique for repairing the INV, but the spreader graft remains the criterion standard. Analysis using CFD has emerged as a useful tool to provide objective data on nasal physiology, and several studies have used CFD to analyze the effects of septoplasty, inferior turbinate reduction, spreader grafts, and other interventions aimed at addressing problems associated with the INV. [33] [34] [35] [36] [37] However, to our knowledge no CFD study has yet directly compared the use of spreader and butterfly grafts alone. The present study expands on the results of a previously described fresh cadaveric model using CFD to directly compare 2 surgical techniques in repair of NVC. 36 The present preliminary results offer objective evidence that CFD-derived nasal resistance may be sufficiently sensitive to detect anatomical changes in the INV after placement of spreader and butterfly grafts. Although the results indicated that butterfly grafts reduced nasal resistance comparable to spreader grafts, the results also suggested that mucosal cooling changes associated with these grafts was relatively small. Several studies have suggested that changes in nasal mucosal cooling are correlated more with changes in subjective sensation of nasal patency than with changes in nasal airflow resistance. 17, 19, 25 However, these comparisons were made in healthy individuals or patients undergoing surgical procedures involving the main nasal cavity. Further research is needed to study CFDderived nasal resistance and heat flux and their correlations to symptom abatement in patients undergoing surgical procedures of the INV alone. The results of this study contribute to a growing body of evidence that suggests that the butterfly graft may be at least as effective as the spreader graft in improving nasal airflow in NVC. 8, 9, 38 Moreover, several recent studies 39-41 have questioned the efficacy of the spreader graft as the sole intervention aimed at improving nasal airflow through the INV. In one such study, Park 40 found an improvement in the INV angle only when combining a flaring suture with spreader grafts. Abnormalities in the 4 components of the INV produce varying levels of compromise to airflow resistance, airflow partitioning, and heat flux. Compromise typically is associated proportionally with the cross-sectional area of the INV. According to Poiseuille's law, airflow resistance is inversely proportional to the fourth power of the nasal valve radius. Thus, very small increases in nasal valve radius produce exponential reductions in airflow resistance. It is generally accepted that both the butterfly graft and the spreader graft decrease resistance by increasing the cross-sectional area at the apex of the INV.
However, other physics principles can also be applied to understand airflow through the INV. According to the Bernoulli principle, fluids with increasing velocities experience an associated decrease in pressure in narrowed segments of a collapsible tube. Thus, as airflow increases through the narrowed nasal valve, there is an associated drop in transluminal pressure, resulting in dynamic collapse of the nasal sidewall. At a critical point during inspiration, consistent with the combination of Poiseuille's law, the Bernoulli principle, and the structural integrity of the soft tissues comprising the nasal valve, increased force of inspiration ceases to increase nasal airflow. Although such idealizations may ignore effects such as wall stress and circulatory flows and assume a streamlined geometry, 2 they may still provide information on the features fundamental to airflow. We believe that the butterfly graft differs from the spreader graft primarily through lateral wall support and the Bernoulli principle. Through use of the dorsal septum as a fulcrum and secured to the caudal margins of the upper lateral cartilage, the butterfly graft helps provide rigidity to the lateral nasal wall to resist dynamic collapse of the valve with inspiration. By contrast, use of a spreader graft improves nasal resistance through an increase in the radius (Poiseuille's law) but has no effect on the structural integrity of a weakened nasal sidewall to counteract collapse (consistent with the Bernoulli principle). Thus, because this study addresses only static INV collapse, we would anticipate even greater differences in the outcomes between the 2 techniques using a dynamic model.
Careful preoperative cosmetic analysis should be performed when addressing NVC to evaluate whether a patient's nose can accommodate a butterfly graft. Nasal aesthetics that may make a butterfly graft less desirable include very thin skin or a narrow bony nasal dorsum. In such patients, it may be more difficult to camouflage the butterfly graft while maintaining favorable dorsal aesthetic lines. 42 Dissatisfaction regarding the cosmetic outcome from butterfly graft placement has been reported to range from 3% to 19% in several case series. [6] [7] [8] [9] Consequently, recent modifications to the butterfly graft have been made to mitigate the risk of a negative cosmetic outcome.
38
It is hoped that studies such as the present one as well as modifications enabling better cosmetic outcomes will help expand the indications for butterfly graft use in repairing NVC.
Limitations
Limitations of this study include the small cohort size from the limited number of donors, which prevented the use of statistical analyses. Cadaveric tissue, although obtained fresh, lacks the resiliency of living tissues. Septoplasty, necessary to obtain graft material, was performed on 2 of the cadaveric heads.
To minimize this as a confounding variable, septoplasty was performed prior to the primary data collection. In addition, every effort was made to efficiently and expeditiously perform all surgical procedures to minimize the effect of tissue degradation, and our use of cadaveric models prevented nasal cycling from being a confounding factor in our analyses. However, our simulations did not account for dynamic changes in tissue, such as the collapse of the INV with inspiration.
Conclusions
The goal of this study was to validate a methodology and identify CFD variables that are sufficiently sensitive to measure differences between surgical techniques targeting the INV. Our preliminary CFD data suggested that in a static cadaveric model, the butterfly graft compares favorably to the spreader graft in nasal resistance, airflow partitioning, and heat flux. These findings support continuing this research in clinical trials to compare results from different surgical techniques to address NVC. Author Contributions: Dr Brandon had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis. 
